Introduction and hypothesis The goal of this study was to use a well-described system of quantifying levator ani defect (LAD) severity using magnetic resonance imaging (MRI) to examine the relationship between defect severity and the presence or absence of prolapse. Methods This is a secondary analysis of two case-control studies comparing 284 cases (with prolapse) to 219 controls (normal support) defined by using Pelvic Organ Prolapse Quantification (POP-Q) exams. LAD were assessed on MRI, with scores from 0 (no defects) to 6 (complete, bilateral defects). The number of cases and controls at each score were compared. Logistic regression and receiver operating characteristic (ROC) analyses were used to quantify relationships between LAD and prolapse. Results The proportion of cases exceeds the overall prolapse rate in this study at LAD scores ≥3, with higher rates of prolapse at higher LAD scores (p<0.0000001). Prolapse risk stratifies into low risk at LAD scores 0-2, moderate at 3-5, and high at 6. ROC analysis for classification of prolapse based on LAD scores has an area under the curve of 69.9 % (p<0.001), suggesting LAD alone can discriminate between normal support and prolapse for nearly 70 % of patients. Logistic regression identified higher parity and higher LAD scores as independent predictors of prolapse.
Introduction
Pelvic floor disorders (PFD), including urinary incontinence, fecal incontinence, and pelvic organ prolapse (POP), affect almost a quarter of all adult women living in the United States [1] . These disorders are associated with considerable social, quality of life (QoL), and financial burdens [2] . As the prevalence of PFDs increases with older age and the general population in the USA is aging, estimates suggest that the prevalence of these disorders will increase substantially in the near future [3] .
Strong evidence exists associating PFDs and levator ani defects (LAD), and levator injury correlates most strongly with POP [4] . These levator defects occur in the pubovisceral portion of the muscle and can be detected using magnetic resonance imaging (MRI) or 3D ultrasound (US). Theoretically, there can be different degrees of injury, ranging from loss of a few fascicles to disruption of the entire muscle. It can be expected that minor injuries might be compensated for by surrounding muscle, but more major injuries may exceed the threshold beyond which sufficient remaining muscle cannot replace lost contractile force.
Several systems exist to quantify the degree of levator ani injury [4] [5] [6] . The first of these was based on an empirical system derived from a study of 29 women with pubovisceral defects after vaginal delivery [7] . It was used in a case-control study of prolapse and showed that defects involving more than half of the muscle were more likely to be found in women with prolapse [8] . However, this sample was not large enough to examine the relationships between different levels of LAD and the associated presence or absence of prolapse. The goals of this study were to use a larger sample to: (1) examine the proportion of women with POP at each LAD score, and (2) identify trends in the relationship between the presence of prolapse and LAD scores.
Materials and methods
This is a secondary analysis of two case-control studies approved by the University of Michigan Institutional Review Board comparing women with POP to asymptomatic volunteers with normal pelvic support (IRBMED #1999-0395 and 2001-0475). Study participants self-reported obstetric and gynecologic history, including gravidity and parity, history of forceps-assisted vaginal deliveries, and history of hysterectomy. All underwent clinical examination, including measurement of height and weight and Pelvic Organ Prolapse Quantification (POP-Q) examination in a semirecumbent lithotomy position [9] . Participants were classified as having prolapse (cases) if any POP-Q point was at least 1 cm beyond the hymen; controls had all POP-Q points at least 1 cm above the hymen. Controls were recruited to maintain demographic matching by age, race, and hysterectomy status; they were selected to be within 5 years of age and of the same race as cases. Attempts were made to match for parity as well, with the goal being to recruit controls having similar parity (within one delivery) with a case. However, we had difficulty recruiting high-parity controls who met our POP-Q definition. Therefore, strict matching for parity between cases and controls was not possible. Patients whose most dependent POP-Q points were <1 cm from the hymen were excluded from this secondary analysis in order to maintain strict definitions of prolapse and normal vaginal support, in accordance with previously published work [8] . Individuals were also excluded if magnetic resonance imaging (MRIs) of sufficient quality to grade pubovisceral defects were not available.
Pelvic MRIs were obtained for all individuals. Complete details of MRI acquisition were published previously [8] and included 5-mm-spaced fast-spin proton-density images in the axial, sagittal, and coronal planes using a 1.5-or 3-T superconducting magnet. LADs were graded on MR scans by two independent investigators blinded to case-control status [5] . The right and left pubovisceral muscles were each graded separately, with possible scores of 0 (no defect), 1 (less than half of the muscle bulk missing), 2 (more than half of the muscle missing but not a complete defect), or 3 (complete loss of muscle). The total calculated levator defect score was the sum of scores from each side, with a possible range of 0-6. Individuals with a total LAD score of 0 were classified as having no defects. Women with an LAD score of 1-3, except those with a unilateral grade 3 defect were considered to have minor defects, and those with scores of 4-6 or unilateral grade 3 defects were classified as having major defects [5] .
Continuous variables were compared using t tests or Kruskal-Wallis tests, as appropriate. Categorical variables were compared using chi-squared tests. Testing for a nonlinear trend suggestive of a dose-response effect was performed using the extended Mantel-Haenszel chi-squared analysis. Receiver operating characteristic (ROC) analysis was used to model the discriminatory performance for predicting POP. Binary logistic regression was used to generate a model predicting POP based on demographics, obstetric and gynecologic history, and MRI-derived LAD scores. Multivariate logistic regression was then used to generate the most parsimonious model for predicting POP, starting with the variables significantly associated with prolapse in bivariate regression analysis. Extended Mantel-Haenszel chi-squared analysis was performed with the OpenEpi statistical package [10] . All other statistical analyses were performed using SPSS Statistics, version 20 (IBM, Armonk, NY, USA). P values< 0.05 were considered statistically significant.
Results
MR images from 503 individuals were reviewed. There were 219 controls (43.5 %) with normal pelvic support and 284 Data are mean ± standard deviation or percentage (n/n).
BMI body mass index, FAVD forceps-assisted vaginal delivery, HRT hormone replacement therapy cases (56.5 %) with prolapse at least 1 cm beyond the hymen. Demographic characteristics of both groups are presented in Table 1 . Age, body mass index (BMI), gravidity, race, menopausal status, and proportion of individuals who had had a hysterectomy were similar in both groups. The mean parity of the group with prolapse was statistically significantly higher than the group with normal support, but the actual difference was minimal. A greater proportion of cases reported a history of forceps assistance during vaginal delivery than did controls. Relatively few women in each group self-reported using hormone replacement therapy (HRT), although the proportion in the prolapse group was significantly higher than that in the control group. Women with normal pelvic support and those with prolapse at least 1 cm beyond the hymen were identified with all seven possible LAD scores, as originally proposed [7] . The number of cases and controls in each LAD score group are shown in Fig. 1a . The proportion of cases compared with controls increases as the LAD score rises (Fig. 1b) , with a doseresponse-like effect (the extended Mantel-Haenszel χ 2 for linear trend=69.65, p<0.0000001).
Receiver operating characteristic (ROC) analysis was next used to model the use of LAD scores alone for predicting POP. The ROC curve generated from our data is shown in Fig. 2 . The area under the ROC (AUC) curve is 69.9 %, with a p value<0.001. Likelihood ratios for LAD scores in predicting prolapse were also calculated ( Table 2) .
Logistic regression was then performed to identify the factors independently associated with prolapse. We first used bivariate analyses to distinguish characteristics that significantly associate with the presence of prolapse, testing age, parity, BMI, race, postmenopausal status, use of HRT, history of hysterectomy, history of forceps-assisted vaginal delivery (FAVD), and total LAD score. The factors that were identified as statistically-significant included parity, use of HRT, history of FAVD, and LAD score (Table 3 ). Multivariate logistic regression was then performed, starting with the characteristics identified as significant in bivariate analyses. The final model for predicting prolapse includes parity and LAD score (Table 3 ). There was no statistically significant interaction term between parity and LA defect score (p=0.49). The final model was statistically significant (χ 2 =82.42, p<0.001, degrees of freedom=2) and able to distinguish between women with and without prolapse. Goodness of fit for this model, as tested by the Hosmer-Lemeshow test, was also supported (p= 0.07).
A total LAD score of 3 can be classified as either minor or major, depending on whether it results from bilateral (LAD score 1 on one side and 2 on the other) or unilateral (LAD score 3 on one side and a normal contralateral muscle) defects, respectively [7] . We therefore separately analyzed women with LAD scores of 3, comparing the proportion with prolapse Fig. 1 a Number of cases (black bars) and controls (white bars) at each levator ani defect (LAD) score. b Proportion of cases (black bars) and controls (white bars) for each LAD score. Dashed line indicates overall proportion of individuals with prolapse at least 1 cm beyond the hymen (56.5 %) Fig. 2 Receiver operating characteristic curve for predicting prolapse using levator ani defect scores in the group with bilateral defects to those with unilateral defects: 70.4 % (19/27) of women with minor defects had prolapse, compared with 84.6 % (11/13) of those with a unilateral complete defect (p=0.33).
Discussion
Results of this analysis comparing women with clinically symptomatic POP descending at least 1 cm beyond the hymen and asymptomatic volunteer controls with normal pelvic support from case-control studies confirm that rates of prolapse increase as LAD scores worsen. The proportion of individuals with prolapse ranges from 41.5 % in the group with normal muscles to 92.3 % in the group with total LAD scores of 6. Our results indicate an LAD score of 3 as a specific threshold, given that women with scores ranging from 0 to 2 have rates of prolapse lower than expected; for those with scores≥3, the proportion with prolapse was higher than expected. Furthermore, LAD severity had a dose-response-like effect in relation to the development of POP. Several studies have shown an association between higher rates of prolapse and worsening LADs. This analysis, using MRI, is consistent with findings of LAD assessed by endovaginal US [6, 11, 12] . This study extends the literature by quantifying the relationship between LAD degree and prolapse using a well-described technique of high inter-rater reliability [5] . Our analysis allows for a more precise prediction of whether a woman has prolapse based on her levator status [13] . For example, presuming a pretest probability of prolapse (using population-based data from the USA) of 2.9 % [1], the likelihood ratios from this study would suggest that a woman with no LAD has a posttest probability of prolapse of just <2 %, whereas the probability of prolapse for a woman with a total LAD score of 6 is almost 30 %.
The groupings of no LAD or a normal levator ani and minor and major LADs were developed empirically to describe the severity according to MRI findings, including the ability of a total LAD score of 3 to be classified as either a major or minor defect, depending on how the defects lateralize [7] . We could not determine whether LAD scores of 3 should be categorized in this fashion due to the small number of women with total LAD scores of 3. However, whereas our sample size was not adequate to resolve this issue definitively, it does provide evidence that the language to describe the clusters of LAD scores might be best revised to reflect the risk of prolapse. Women with scores of 0-2 (normal and very minor defects) are at low risk for prolapse, those with scores 3-5 are at moderate risk, and those with a score of 6 have the highest risk. We should stress that this study was not intended to suggest that MRI be used to diagnose or predict prolapse or LADs in clinical practice. Rather, results help quantify the relationship between LADs and POP.
Although LADs are strongly associated with prolapse, there are clearly other factors involved. ROC analysis suggested that LAD scores alone explain prolapse in only 70 % of women. This emphasizes the importance of other factors, such as tissue strength and composition, genetics, non-levatorrelated changes after giving birth, and medical comorbidities [14, 15] .
Strengths of this study are the large sample size, the validated technique of LAD scoring, assessment of pelvic support by physical examination, and use of asymptomatic, healthy volunteers as controls rather than women seeking healthcare Forceps delivery is coded as 1 if the woman recalled having had at least one FAVD and 0 if she never had a forceps delivery.
CI confidence interval, BMI body mass index, HRT hormone replacement therapy, FAVD forceps-assisted vaginal delivery, LAD levator ani defect for other reasons. By contrast, controls in previously published studies using endovaginal US to quantify LAD all involved women seeking care for pelvic floor dysfunction [6, 11, 12] . Several factors must be kept in mind when interpreting our results. This was a case-control study with demographic group matching, not a population-based sample performed at a single time point. We are, therefore, unable to examine cause-effect relationships in these parameters or predict results from a population-based sample. We excluded women whose maximal prolapse was between 1 cm above and 1 cm below the hymen, potentially limiting the generalizability of our findings. Generalizability may be further limited by the relative homogeneity of our participants, who were recruited for two separate studies conducted at different times, so this may have introduced bias; for example, MRI acquisition with a 1.5-T magnet in the original study and a 3-T magnet in the later study. However, slice thickness was held constant during that transition in order to minimize the risk of introducing error. Finally, all studies using image interpretation are subject to inherent limitations of image analysis.
Conclusion
LADs represent one of the strongest risk factors for POP, with higher rates of prolapse being associated with increasing severity of these muscle defects. In fact, 70 % of the time, LAD severity alone can accurately predict whether a woman has prolapse. Although LAD scores associate with prolapse in a dose-response-like fashion, the probability of prolapse can be categorized into three clusters of defect scores. Future research is needed to quantify the contribution of other risk factors to a woman's overall risk of developing POP. 
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